Introduction {#s1}
============

Lipoproteins play essential roles in coronary heart disease (CHD). A meta-analysis showed that a 1 mmol/l reduction in the level of LDL cholesterol is associated with 19% reduction in CHD mortality [@pone.0047286-Baigent1]. In contrast, increase of HDL cholesterol by 1 mg/dl decreases the incidence of CHD 2--3% [@pone.0047286-Gordon1]. Apart from CHD, hypercholesterolemia also accelerates other diseases including Alzheimer\'s amyloid pathology [@pone.0047286-Refolo1].

Atherosclerosis, the underlying pathogenesis of CHD, is characterized by chronic inflammation due to both loss of endothelial integrity and to subendothelial retention of LDL [@pone.0047286-Skalen1]. Once retained in the subendothelial space, both native and modified LDL activate vascular cells, attracting circulating white blood cells to form plaques.

It is well known that granulocytes and monocytes play critical roles in atherosclerosis development. Granulocytes are the first cells recruited to the plaque, where they secrete elastase and metalloproteinase, resulting in extracellular matrix degradation and inflammatory cell adhesion [@pone.0047286-Weber1]. Monocytes in the plaque take up both native and modified LDL and become foam cells, the hallmark of atherosclerosis [@pone.0047286-Anzinger1]. Inflammatory and/or activated vascular cells also secrete inflammatory cytokines such as tumor necrosis factor (TNF)-α, interferon (IFN)-γ, granulocyte macrophage colony-stimulating factor (GM-CSF) and monocyte CSF (M-CSF), which further reinforce the inflammation processes [@pone.0047286-Rajavashisth1], [@pone.0047286-Hohensinner1], [@pone.0047286-Zhu1], [@pone.0047286-Saitoh1], [@pone.0047286-Michowitz1], [@pone.0047286-Goossens1], [@pone.0047286-Sugiyama1]. Thus, hypercholesterolemia-associated leukocytosis and transformation of monocytes to macrophages facilitate atherosclerosis progression [@pone.0047286-Swirski1].

In contrast, there is an inverse correlation between the incidence of CHD and plasma levels of HDL and its major apolipoprotein A-I (apoA-I) [@pone.0047286-Gordon2]. Aside from HDL-mediated reverse cholesterol transport and anti-oxidative properties, one of the major functions of HDL is to inhibit vascular cell activation, thereby, prohibiting inflammatory cell infiltration and atherosclerotic progression [@pone.0047286-Khera1], [@pone.0047286-YvanCharvet1], [@pone.0047286-Patel1]. We previously demonstrated that HDL improved endothelial repair, inhibited inflammation and thus attenuated transplant arteriosclerosis and atherosclerosis in vein grafts in the presence of [S]{.ul}cavenger [R]{.ul}eceptor Type [B]{.ul}-[I]{.ul} (SR-BI) [@pone.0047286-Feng1], [@pone.0047286-Feng2], [@pone.0047286-Feng3].

Recently, Yvan-Charvet *et al.*, reported the suppressive role of HDL on hematopoietic stem cell (HSC) proliferation via ATP-binding cassette transporters (ABCA1) [@pone.0047286-YvanCharvet2]. In contrast, hypercholesterolemia has been shown to promote BM cell mobilization in man and mice [@pone.0047286-Gomes1], [@pone.0047286-Crysandt1]. These studies lead to the hypothesis that HDL and LDL may have opposing effects on hematopoietic cell function. We demonstrate here that hypercholesterolemia is associated with enhanced proliferation of HSPC *in vivo* and with increased myeloid cell differentiation. Both appear to be mediated, at least in part, by [e]{.ul}xtracellular signal [r]{.ul}egulated [k]{.ul}inase (ERK). By contrast, HSPC proliferation was inhibited in BM of C57BL/6J mice infused with purified human apoA-I or reconstituted (r)HDL. We further demonstrated that exposure of HSPC to LDL *in vitro* induced differentiation to monocytes and granulocytes, whereas HDL decreased myeloid cell differentiation induced by LDL.

Materials and Methods {#s2}
=====================

Mice {#s2a}
----

Wild type C57BL/6J (CD45.2) and B.6SJL-PTPRCA (CD45.1) mice, maintained in the animal facility of the Katholieke Universiteit Leuven, were used at the age of 2--3 months. rHDL and human apoA-I infusion experiments were performed in C57BL/6 mice. In brief, male C57BL/6J mice received saline, PLPC (1-palmitoyl-2-linoleoyl-*sn*-glycerol-3-phosphocholine) (8 mg/kg, Avanti Polar Lipids, Alabaster, Alabama, USA), human apoA-I (8 mg/kg) or rHDL (4--16 mg/kg) on days 1, 3 and 5, via tail vein. Purified human apoA-I and rHDL were kindly provided by Professor Kerry-Ann Rye (The Lipid Research, Heart Research Institute, Sydney, Australia). Homozygous LDL receptor knockout (LDLr^−/−^) mice were purchased from Jackson Laboratory (Bar Harbor, Maine). They were backcrossed with C57BL6J mice for at least 10 generations to achieve 99.9% C57BL6J background. At 8 weeks of age, LDLr^−/−^ mice were placed on high fat diet (34% fat, 1% cholesterol, Catalog no. D12492 mod, BioServices) or normal diet for 2 months. Approximately, 200 mice were used in this study. All experiments were performed with approval of the ethical committee of the Katholieke Universiteit Leuven.

White blood cell counts {#s2b}
-----------------------

Leukocytes, lymphocytes, monocytes and granulocytes in PB were quantified with an Ac-Tdiff hematology analyzer (Beckman Coulter; Brea, CA, U.S.A.).

ELISA for human apoA-I {#s2c}
----------------------

Human apoA-I levels in plasma and fractions obtained by gel filtration were determined by sandwich ELISA (MyBioSource, San Diego, CA, U.S.A.).

PLPC determination {#s2d}
------------------

PLPC was purchased from Avanti Polar Lipids. After reconstitution in PBS, PLPC concentration was determined using the EnzyChrom Phospholip Assay Kit (BioAssay Systems, Hayward, CA, U.S.A.).

Separation of plasma lipoproteins by gel filtration {#s2e}
---------------------------------------------------

Mouse plasma lipoproteins were fractionated by fast performance liquid chromatography gel filtration of 50 µl plasma on Superose 12 HR 10/30 (Pharmacia, Herts, UK). Cholesterol content in non-HDL fractions and HDL fractions was quantified by Amplex™ Red Cholesterol Kit (Molecular Probe, CA, U.S.A.).

LDL and HDL isolation by density gradient ultracentrifugation {#s2f}
-------------------------------------------------------------

Plasma LDL (1.019 g/ml\<d\<1.063 g/ml) and HDL (1.063 g/ml\<d\<1.21 g/ml) were isolated from healthy volunteers by density gradient ultracentrifugation in a swing-out rotor as described [@pone.0047286-Chapman1]. Subsequently, LDL and HDL were dialyzed against 1 mM EDTA in PBS overnight. Cholesterol concentration was measured by Amplex™ Red Cholesterol Kit.

Identification of lipoprotein fractions by SDS-PAGE {#s2g}
---------------------------------------------------

To study the apolipoprotein profiles in the fractions, 20 µl of each fraction was separated on 4--12% NuPage (Invitrogen, Gent, Belgium) and then stained with GelCode Blue Stain (Thermo Fisher Scientific, Rockford, IL, U.S.A.) overnight.

Quantification of murine apoA-I levels {#s2h}
--------------------------------------

Murine apoA-I expression in plasma was quantified by western blot as described before [@pone.0047286-Feng4]. A goat anti-mouse apoA-I antibody (sc-23606, Santa Cruz Biotechnology, CA, U.S.A) was used to detect murine apoA-I, without cross-reactivity with human apoA-I.

Lineage negative cell and LSK cell isolation {#s2i}
--------------------------------------------

Total BM cells (TBMC) were obtained by flushing tibias and femurs. Lineage negative (Lin-) cells were isolated with the Lineage Negative Selection Kit (Stem Cell Technologies, Vancouver, Canada). Lin- cells were stained with lineage cocktail APC (Ter119/CD3e/CD11b/CD45R/B220/Ly6G/LY-6C from BD Biosciences, Franklin Lakes, NJ, U.S.A.), Sca-1 FITC (eBioscience, San Diego, CA, U.S.A.) and cKit PE (eBioscience). LSK cells were sorted on a FACS Aria III (Becton Dickinson, NJ, U.S.A.).

Fluorescence-activated cell sorting (FACS) {#s2j}
------------------------------------------

Multicolor analysis for hematopoietic stem/progenitor cells (HSPC) in BM, peripheral blood (PB) or cultured cells was performed on a FACScanto (Beckton Dickinson). Surface markers for identification of HSPC, long term repopulating HSC (LT HSC) and granolucyte-macrophage progenitors (GMP) were used as previous described [@pone.0047286-Naveiras1]. Briefly, HSPC were defined as [L]{.ul}in− [S]{.ul}ca-1+ c[K]{.ul}it+ cells (so called "LSK cells"); LT HSC were identified as CD34−/Flk2−/LSK cells; and GMP were defined as CD34+ FcR+ Lin− Sca-1− cKit+ cells. To quantify HSPC in the circulation, 200 µl PB was treated with Ammonium Cloride (StemCell technologies, Vancouver, Canada) to remove red blood cells before staining. CD34 FITC, Sca-1 PerCP-Cy5.5, Flk-2 PE, cKit PE, FcR PerCP-Cy5.5, integrin β1 PE and cKit-APC-Cy7 were purchased from eBioscience. Alexa Fluor 488 conjugated phospho-p44/42 MAPK (Erk1/2) and rabbit anti-mouse SR-BI were purchased from Cell Signaling Technology (Bioké, Leiden, the Netherlands). Goat anti-rabbit alexa 488 was purchased from Invitrogen. All other antibodies were obtained from Becton Dickinson Biosciences (NJ, U.S.A.).

For *in vivo* BrdU analysis of HSPCs, mice were injected with 0.2 mg BrdU/g intraperitoneally 12 h before analysis [@pone.0047286-Baldridge1]. After staining with Lineage cocktail APC, Sca-1 PE and cKit-APC-Cy7, cells were permeabilized and stained with anti-BrdU FITC using the BrdU Flow Kit according to manufacturer\'s instruction (Becton Dickinson).

To evaluate SR-BI expression on HSPC, TBMC were stained with rabbit anti-mouse SR-BI (1 µg/1×10^6^ cells), followed by goat anti-rabbit Alexa 488 (1/400) before performing LSK staining.

To study ERK phosphorylation in HSPCs, BM cells were stimulated with LDL, fixed, permeabilized and stained with anti-phosphor-p42/44MAPK Alexa 488, Lineage cocktail APC, Sca-1 PE and cKit-APC-Cy7 according to the manufacturer\'s instruction (BD Biosciences).

To study adhesion molecules expression, Lin- cells were exposed to 0 or 100 µg/ml LDL for 24 hours. After harvest, cells were stained with Lineage cocktail APC, Sca-1 FITC, cKit APC-Cy7 together with CXCR4 PE, integrin β1 PE, or integrin α5 PE for FACS analysis.

All FACS studies were performed using the appropriate isotype control antibodies. To achieve reliable quantification, at least 100,000 events were acquired.

qRT-PCR {#s2k}
-------

Total RNA from cultured Lin- cells was extracted using RNAeasy microkit (Qiagen, Valencia, CA). mRNA was reverse transcribed to get cDNA using Superscript III reverse Transcriptase (Invitrogen). Primers used in this study are as following: SR-BI: forward 5′-GGCTGCTGTTTGCTGCG-3′ and reverse 5′-GCTGCTTGATGAGGGAGGG-3′; LDLr: forward 5′-AGGCTGTGGGCTCCATAGG-3′ and reverse 5′-TGCGGTCCAGGGTCATCT-3′; ABCA1: forward 5′-AGCCAGAAGGGAGTGTCAGA-3′ and reverse 5′-CATGCCATCTCGGTAAACCT-3′; ABCG1: forward 5′-TTCCCCTGGAGATGAGTGTC-3′ and reverse 5′-CAGTAGGCCACAGGGAACAT-3′; and β-actin forward 5′-CACCACACCTTCTACAATGAG-3′ and reverse 5′-GTCTCACCAATGATCTGGGTC-3′.

HSPC *in vitro* differentiation assay {#s2l}
-------------------------------------

LSK cells were cultured at a density of 1000 LSK cells per well in SFEM medium supplemented with SCF (20 ng/ml), IL-3 (10 ng/ml) and IL-6 (10 ng/ml) (all from R & D Systems). Immediately after seeding, LDL (100 µg/ml) or LDL (100 µg/ml) plus HDL (600 µg/ml) were added. In parallel, GM-CSF (10 ng/ml) was used as a positive control. After 14 days, cells were harvested by cytospin and a Giemsa stain was performed. Promonocytes were identified based on an increased nuclear/cytoplasmic ratio, and granulocyes were identified based on their specific nuclear morphology [@pone.0047286-Lee1]. Total cells, promonocytes and granulocytes were counted under the microscope to calculate the percentage of differentiated cells. For each condition, at least 5 fields of cells were counted. After 14 days, cells were harvested and stained with antibodies against Ly-6c, CD11b, Ly-6G and F4/80 for FACS. For pERK inhibitor experiments, U0126 (10 µM) (Merck, Darmstadt, Germany) was immediately added to LSK cells upon seeding and maintained till harvest.

In vitro adhesion and migration assay {#s2m}
-------------------------------------

Adhesion and migration of Lin- cells were tested as described before [@pone.0047286-Feng1], [@pone.0047286-Hoggatt1]. In brief, Lin- cells isolated from CD45.2 mice were cultured with LDL 0, LDL 0 plus U0126, LDL 100 µg/ml or LDL 100 µg/ml plus U0126 for 24 hours. After numeration, 50,000 cells were allowed to adhere to fibronectin (25 µg/ml)-coated 96-well plate for 24 hours. After extensive wash with PBS, adhered cells were fixed with 3.7% paraformaldehyde, stained with crystal violet (5 mg/ml in 2% ethanol, Sigma-Aldrich) and counted under the microscope.

To test motility, 50,000 cells were loaded in the upper chamber of modified Boyden chambers (8 µm pore size, Costar, Avon, France). The lower chamber was filled with IMDM medium. After 4 hours, cells in the upper chamber were removed by swaps. Cells migrating on the lower surface of the transwells were stained with Hoechst and counted under the fluorescent microscope as described before [@pone.0047286-Feng1]. For the adhesion and migration assays, 5 random fields were counted and the average cell number was calculated.

Statistics {#s2n}
----------

Data are expressed as mean ± SEM. Unpaired, 2-tailed Student\'s t test was used if there were 2 experimental groups. For more than 2 experimental groups, one-way ANOVA with Dunnett was applied to test treated groups against control or one-way ANOVA with Bonferroni was used to compare all groups. Statistical analysis was performed using GraphPad Prism (GraphPad Software Inc, La Jolla, CA, U.S.A.). A P value less than 0.05 was considered significant.

Results {#s3}
=======

Hypercholesterolemia leads to increased leukocytosis in blood {#s3a}
-------------------------------------------------------------

We hypothesized that LDL may cause proliferation and mobilization of HSPC from the BM, whereas HDL would have the opposite effects. LDLr deficiency causes impaired LDL clearance, resulting in high plasma levels of LDL-cholesterol. Thus, LDLr^−/−^ mice were used to study the effect of LDL on HSPC. LDLr^−/−^ mice received either normal or high fat diet from the age of 2 months onwards and this for 2 months. In parallel, WT mice were included as control. The lipoprotein profile of these mice is shown in [Table 1](#pone-0047286-t001){ref-type="table"} (n = 5 for both WT and high fat diet; n = 11 for normal diet respectively).

10.1371/journal.pone.0047286.t001

###### Plasma lipoprotein profiles and leukocyte count in WT mice and LDLr^−/−^ mice on normal and high-fat diet.

![](pone.0047286.t001){#pone-0047286-t001-1}

                                WT mice              LDLr^−/−^ mice on ND                                          LDLr^−/−^ mice on HFD
  --------------------------- ----------- ------------------------------------------ ----------------------------------------------------------------------------------
  Total cholesterol (mg/dl)     66±3.3     100±9.6[\*](#nt102){ref-type="table-fn"}   591±176.9[\*](#nt102){ref-type="table-fn"} ^,^ [\#](#nt103){ref-type="table-fn"}
  LDL cholesterol (mg/dl)       10±1.3     44±8.4[\*](#nt102){ref-type="table-fn"}    431±161.2[\*](#nt102){ref-type="table-fn"} ^,^ [\#](#nt103){ref-type="table-fn"}
  HDL cholesterol (mg/dl)       50±4.3                      50±5.7                                       152±19.6[\#](#nt103){ref-type="table-fn"}
  Triglyceride (mg/dl)          61±4.6                     84±10.0                    242±77.6[\*](#nt102){ref-type="table-fn"} ^,^ [\#](#nt103){ref-type="table-fn"}
  White blood cells (k/µl)     6.2±0.68                    6.3±0.37                   8.6±0.44[\*](#nt102){ref-type="table-fn"} ^,^ [\#](#nt103){ref-type="table-fn"}
  Neutrophils (k/µl)           0.6±0.13                    0.7±0.12                                      1.1±0.19[\#](#nt103){ref-type="table-fn"}
  Lymphocytes (k/µl)           5.2±0.48                    5.2±0.38                                                       6.7±0.39
  Monocytes (k/µl)             0.08±0.26                   0.2±0.02                   0.4±0.05[\*](#nt102){ref-type="table-fn"} ^,^ [\#](#nt103){ref-type="table-fn"}

Cholesterol data are expressed as mg/dl and presented as means ± SEM. Peripheral white blood cell data are expressed as k/µl and presented as means ± SEM. ND indicates normal diet. HFD means high-fat diet. WT mice: n = 5; LDLr^−/−^ mice on ND: n = 12; LDLr^−/−^ mice on HFD: n = 5.

*P*\<0.05 when compared with mice on WT mice.

*P*\<0.05 when compared with mice on normal diet.

Although no differences in white blood cells were observed between WT and LDLr^−/−^ mice fed a normal diet, the number of white blood cells, neutrophils and monocytes in the PB was 1.4- fold (*P*\<0.05), 1.6-fold (*P*\<0.05), and 2-fold (*P*\<0.05) higher in LDLr^−/−^ mice maintained on high fat diet (n = 5 compared to mice on normal diet n = 11, [Table 1](#pone-0047286-t001){ref-type="table"}). Furthermore, the percentage of Ly-6c^hi^ and F4/80^+^ monocytes and Ly-6G^hi^ granulocytes was increased in LDLr^−/−^ mice on normal diet, compared to WT mice. (n = 6--12, *P*\<0.05) ([Figure 1, A--C](#pone-0047286-g001){ref-type="fig"}). Moreover, the percentage of Ly-6c^hi^ and F4/80^+^ monocytes and Ly-6G^hi^ granulocytes was 2.2-, 2.4-, and 1.5- fold higher in LDLr^−/−^ mice on high fat diet, respectively, compared to LDLr^−/−^ mice on normal diet (n = 5--12, *P*\<0.05) ([Figure 1, A--C](#pone-0047286-g001){ref-type="fig"} and [Figure S1](#pone.0047286.s001){ref-type="supplementary-material"}).

![Hypercholesterolemia promotes leukocytosis in peripheral blood of LDLr^−/−^ mice.\
Hypercholesterolemic LDLr^−/−^ mice were used to study the effect of LDL on HSPC. At the age of 8 weeks, mice were placed either on normal diet or on high fat diet for 2 months. Two months after normal or high fat diet, blood cells of LDLr^−/−^ mice were stained with antibodies against Ly-6c, F4/80, Ly-6G and CD11b. The percentage of Ly-6c^hi^ monocytes (A), F4/80+ monocytes (B) and Ly-6G^hi^ granulocytes (C) was quantified by FACS.](pone.0047286.g001){#pone-0047286-g001}

Hypercholesterolemia enhances the frequency of HSPC in the bone marrow and peripheral blood of LDLr^−/−^ mice {#s3b}
-------------------------------------------------------------------------------------------------------------

Next, we measured the frequency of HSPC in PB and BM of WT and LDLr^−/−^ mice that received either normal or high fat diet for 2 months. Quantification of [L]{.ul}in− [S]{.ul}ca1+ c[K]{.ul}it+ (LSK) cells in blood showed that the percentage of HSPC in LDLr^−/−^ mice on high fat diet was increased compared to WT and LDLr^−/−^ mice on normal diet ([Figure 2A](#pone-0047286-g002){ref-type="fig"}). In agreement with other reports [@pone.0047286-YvanCharvet2], [@pone.0047286-Gomes1], [@pone.0047286-Tothova1], [@pone.0047286-Murphy1], [@pone.0047286-Gan1], [@pone.0047286-Viatour1], [@pone.0047286-Nakada1], the percentage of LSK cells in BM of WT and LDLr^−/−^ mice fed on normal diet was 0.091±0.0098% and 0.099±0.0101%, respectively (n = 9 for WT mice and n = 11 for LDLr^−/−^ mice, *P* = 0.7). However, the percentage of LSK cells in the BM was 1.9- fold higher in LDLr^−/−^ mice fed on high fat diet, compared with LDLr^−/−^ mice on normal diet (n = 5--11, *P*\<0.01) ([Figure 2B](#pone-0047286-g002){ref-type="fig"}). We found a 1.9-fold increase of the number of CD34−/Flk2−/LSK cells in BM of LDLr^−/−^ mice on high fat diet, compared to LDLr^−/−^ mice on normal diet (normal diet: 0.018±0.0027%; high fat diet: 0.040±0.0058%, n = 5--7, *P*\<0.05). Similarly, the percentage of [g]{.ul}ranulocyte-[m]{.ul}acrophage [p]{.ul}rogenitors (GMP) was higher in LDLr^−/−^ mice on high fat diet, compared to WT and LDLr^−/−^ mice on normal diet (LDLr^−/−^ on high fat diet: 1.7±0.04%; LDLr^−/−^ on normal diet: 1.1±0.07%; WT mice: 0.9±0.14%, n = 5--11, *P*\<0.05 for both) ([Figure 2C](#pone-0047286-g002){ref-type="fig"}).

![Hyercholesterolemia induced increased LSK percentage in PB and BM in LDLr^−/−^ mice.\
(A) Quantification of LSK cells in the PB of WT and LDLr^−/−^ mice two months after normal and high fat diet. n = 5--12. (B) The percentage of LSK cells in BM of WT and LDLr^−/−^ mice on normal and high fat diets. (C) Quantification of granulocyte/macrophage progenitors (GMP) in BM of WT and LDLr^−/−^ mice on normal and high fat diets.](pone.0047286.g002){#pone-0047286-g002}

rHDL infusion decreases the frequency of LSK cells in the bone marrow and peripheral blood of mice but does not affect monocyte frequency {#s3c}
-----------------------------------------------------------------------------------------------------------------------------------------

To assess the effect of HDL on HSPC *in vivo*, C57BL/6 mice were infused with rHDL at 0, 4, 8, 12, or 16 mg/kg intravenously on days 1, 3 and 5. On day 6, LSK cells were enumerated in PB and BM. In line with other reports [@pone.0047286-Patel1], [@pone.0047286-Reimers1], [@pone.0047286-Cho1], [@pone.0047286-Murphy2], we showed that rHDL infusion induced human apoA-I expression without any effect on murine apoA-I expression and lipoprotein profile. The lipoprotein profile in mice infused with saline or rHDL 8 mg/kg is shown in [Table 2](#pone-0047286-t002){ref-type="table"}. Both rHDL and human apoA-I infusion induced human apoA-I expression in plasma ([Figure 3A](#pone-0047286-g003){ref-type="fig"}). Murine apoA-I expression in plasma is shown in [Figure 3B](#pone-0047286-g003){ref-type="fig"}. Moreover, the injected human apoA-I facilitated HDL formation as evidenced by its presence in lipoprotein fractions obtained by FPLC ([Figure 3C](#pone-0047286-g003){ref-type="fig"}). Overall, no difference in total white blood cell count was seen in the blood of animals infused with the different rHDL concentrations ([table 2](#pone-0047286-t002){ref-type="table"}). The percentage of LSK cells was decreased in the PB (*P*\<0.05; n = 6) and BM (*P*\<0.05; n = 6--22) of mice infused with 8, 12 and 16 rHDL mg/kg, respectively ([Figure 3, D and E](#pone-0047286-g003){ref-type="fig"}). The percentage of GMP cells in BM was not different among the three groups ([Figure 3F](#pone-0047286-g003){ref-type="fig"}). Representative dot plots of quantification of LSK in LDLr^−/−^ and rHDL-infused mice are shown in [Figure S2](#pone.0047286.s002){ref-type="supplementary-material"}.

![Dose response effect of rHDL infusion on HSPC in vivo.\
To study the effect of HDL on HSPC, C57BL/6 mice were infused with purified human apoA-I at 8 mg/kg or different concentrations of rHDL (0, 4, 8, 12, or 16 mg/kg) every 2 days for three injections. The day after the last infusion, mice were sacrificed to collect plasma. rHDL particles were identified by non-denatured gel electrophoresis (data not shown). (A) Human apoA-I levels were determined by human apoA-I EIA kit. Hx indicates rHDL infused at ×mg/kg. A8 means apoA-I infusion at 8 mg/kg. (B) Murine apoA-I levels were measured by western blot. (C) Human apoA-I levels in FPLC fractions. Lipoprotein fractions were obtained by separating plasma of rHDL (8 mg/kg)-infused mice on Sepharose 12 HR 10/30 column (flow 0.4 ml/min; 1 ml fractions, collect from 18 min on). Human apoA-I was measured in each fraction by ELISA. As a reference, fractions (30 µl per fraction) were separated in SDS-PAGE and performed GelCode Blue Stain. Cholesterol content in fractions was determined (data not shown). (D--E) LSK frequency in the PB (D) and BM (E) of C57BL/6 mice infused with saline, PLPC or rHDL (n = 5--7 for PB and n = 6--22 for BM). (F) GMP percentage in the BM of C57BL/6 mice after saline, PLPC or rHDL infusion. Ctrl indicates saline and P means PLPC.](pone.0047286.g003){#pone-0047286-g003}

10.1371/journal.pone.0047286.t002

###### Plasma lipoprotein profiles and leukocyte count in WT mice infused with saline and rHDL 8 mg/kg.

![](pone.0047286.t002){#pone-0047286-t002-2}

                                Saline    rHDL 8 mg/kg
  --------------------------- ---------- --------------
  Total cholesterol (mg/dl)     60±4.9       63±1.9
  LDL-cholesterol (mg/dl)       12±0.8       14±1.6
  HDL-cholesterol (mg/dl)       47±5.5       48±2.7
  Triglyceride (mg/dl)          72±8.6       63±9.4
  White blood cells (k/µl)     4.6±0.90     3.8±0.24
  Neutrophils (k/µl)           1.6±0.70     0.6±0.10
  Lymphocytes (k/µl)           2.6±0.25     2.9±0.21
  Monocytes (k/µl)             0.3±0.11     0.2±0.04

Cholesterol data are expressed as mg/dl and presented as means ± SEM. Peripheral white blood cell data are expressed as k/µl and presented as means ± SEM. Saline group: n = 4--6; rHDL group: n = 5.

SR-BI is expressed on HSPC and apoA-I infusion has similar effect as rHDL {#s3d}
-------------------------------------------------------------------------

Receptors for HDL include ABCA1, ABCG1 and SR-BI. To determine which of these receptors is expressed on HSPC, we performed in an initial step qRT-PCR to quantify the expression of *Abca1*, *Abcg1* and *Sr-BI* [@pone.0047286-Acton1] in Lin- cells of C57BL/6 mice. This demonstrated that Lin- cells express all three receptors (data not shown). We also detected SR-B1 on the cell membrane of 88±2% of LSK cells (n = 3, [Figure 4A](#pone-0047286-g004){ref-type="fig"}). As apoA-I is the major apolipoprotein of HDL and HDL binds to SR-BI via apoA-I, we tested if, like rHDL, *in vivo* infusion of apoA-I would affect HSPC frequency. C57BL/6 mice were infused with saline or apoA-I at 8 mg/kg on days 1, 3 and 5, and LSK cells were quantified on day 6 by FACS. As for rHDL infusions, the percentage of LSK cells was decreased by 30% in the BM of mice that received apoA-I infusions, (n = 4--5, *P*\<0.05), compared to control ([Figure 4B](#pone-0047286-g004){ref-type="fig"}).

![SR-BI expression on HSPC and the effect of apoA-I infusion on HSPC in PB and BM.\
(A) TBMCs were stained with rabbit anti-mouse SR-BI and then goat anti-rabbit Alexa 488, followed by LSK staining. SR-BI expressing LSK cells were quantified by FACS based on isotype control stains. Data are expressed as the percentage of SR-BI+ LSK cells in LSK cell population. (B) The percentage of LSK cells in BM of mice infused with saline vs. purified human apoA-I 8 mg/kg every 2 days for 3 injections.](pone.0047286.g004){#pone-0047286-g004}

LDL and HDL have opposing regulatory effect on LSK proliferation in BM {#s3e}
----------------------------------------------------------------------

To explore whether the increased LSK cell frequency is due to enhanced proliferation, we studied the proliferative status of HSPC in the BM of LDLr^−/−^ mice on normal or high fat diet. We injected Bromodeoxy-Uridine (BrdU) i.p. in LDLr^−/−^ mice on high fat vs. normal diet 12 hours prior to sacrifice, and quantified the percentage of proliferating HSPC by FACS. We found that the percentage of BrdU-incorporating LSK cells in the whole LSK cell population was increased from 12.0±0.64% in control mice to 20±2.24% in mice on high fat diet (n = 5--6, *P*\<0.05) ([Figure 5A](#pone-0047286-g005){ref-type="fig"}).

![LDL promotes but HDL inhibits HSPC proliferation in vivo.\
BrdU was injected at 1 mg per 6 g of mouse body weight i.p. in LDLr^−/−^ mice on normal or high fat diet and the percent BrdU+ cells in total LSK cells was enumerated by FACS (A). n = 5--6. (B) Similarly, BrdU was injected to WT mice infused with rHDL 0 or 8 mg/kg 12 hours prior to dissection. The BrdU-incorporating LSK cells were quantified by FACS. Data were expressed as the percentage of BrdU+ cells in LSK population. n = 5--6. (C) Representative dot plots demonstrated BrdU-incorporating LSK cells when gated in LSK population. In the upper panel, BMC were stained with LSK but not anti-BrdU antibody: i. Cells in the box were LSK cells when gated on Lin- population; ii. Dot plot of negative control of BrdU in LSK cells; iii. Histogram of negative control of BrdU in LSK cells. In the lower panel, BMC were stained with LSK as well as anti-BrdU antibody: iv. Cells in the box were LSK cells when gated on Lin− population; v. In the Dot plot, cells in the box were BrdU-incorporating LSK cells; vi. Histogram of BrdU-incorporating LSK cells. An arrow indicates BrdU-incorporating LSK population.](pone.0047286.g005){#pone-0047286-g005}

We also tested the effect of HDL on the proliferative status of HSPC *in vivo*. C57BL/6J mice received 8 mg/kg rHDL on days 1, 3 and 5, and BrdU was injected i.p. 12 hours prior to sacrifice on day 6. The percentage of BrdU-incorporating LSK cells in the entire LSK cell population was significantly lower in rHDL-infused animals compared to controls (12.4±0.73% vs. 7.8±0.95%, *P*\<0.05; n = 5) ([Figure 5B](#pone-0047286-g005){ref-type="fig"}). Representative BrdU incorporating LSK cells are shown in [Figure 5C](#pone-0047286-g005){ref-type="fig"}.

LDL and HDL modulate HSPC differentiation in an opposite way *in vitro* {#s3f}
-----------------------------------------------------------------------

As we had noticed an increase in monocytes and myeloid progenitor cells in LDLr^−/−^ mice on high fat diet but not in rHDL-infused animals, we next evaluated the effect of LDL and HDL on LSK cell differentiation to monocytes and granulocytes *in vitro*. LSK cells from WT C57Bl/6 mice were cultured in serum free medium supplemented with cytokines and with either LDL (100 µg/ml), or a combination of LDL plus HDL (600 µg/ml). In parallel, GM-CSF (10 ng/ml) was added as a positive control. After 14 days, cells were harvested and a Giemsa stain was performed. Addition of LDL to LSK cell cultures induced a 93±16.1-fold increase in the total cell number, whereas addition of HDL+LDL only induced a 17±7.8-fold increase (n = 4, *P*\<0.01). LDL and GM-CSF induced monocytic and granulocytic differentiation of LSK cells, as assessed by immunohistochemistry [@pone.0047286-Lee1]. However, addition of HDL decreased the LDL-induced HSPC differentiation ([Figure 6A](#pone-0047286-g006){ref-type="fig"} and [Figure S3](#pone.0047286.s003){ref-type="supplementary-material"} representing the Giemsa stained progeny from different cultures). Cultured progeny was also stained with antibodies against CD11b, F4/80, Ly-6G and Ly-6c. Consistent with the morphological assessment, the percentage of Ly-6c^hi^ monocytes and F4/80^+^ monocytes was 8.2±0.88% and 5.4±1.73% in cells treated with LDL, but decreased to 2.6±0.49% and 1.5±0.40% in cells treated with LDL plus rHDL (*P*\<0.5, for both) ([Figure 6, B and C](#pone-0047286-g006){ref-type="fig"}). In addition, the percentage Ly-6G+ granulocytes was 4±1.27% in LDL-treated cells but decreased to 0.9±0.25% in the presence of HDL (p\<0.05) ([Figure 6D](#pone-0047286-g006){ref-type="fig"}).

![LDL increased myeloid cell production in vitro.\
Sorted LSK cells of C57BL/6 mice were seeded at 1000 cells per well in 96-well plate and cultured in SFEM supplemented with IL-3, IL-6 and SCF for 14 days. LDL or LDL plus HDL were added as indicated. GM-CSF was used as the positive control. Total cells and cells with morphological features of differentiated cells were enumerated under the microscopy. (A) Data were expressed as the percentage of undifferentiated cells in total cells. Cells were stained with antibodies against CD11b PE and Ly-6c PE-Cy7 (B), CD11b PE and F4/80 APC-Cy7 (C), and CD11b PE and Ly-6G APC (D) for FACS analysis.](pone.0047286.g006){#pone-0047286-g006}

LDL-induced HSPC differentiation toward granulocytes is mediated via pERK {#s3g}
-------------------------------------------------------------------------

As effects of HDL on HSPC are at least in part due to the inhibition of extracellular signal-regulated kinase 1/2 (ERK1/2) [@pone.0047286-YvanCharvet2], we tested if LDL would activate ERK 1/2. After stimulation with 100 µg/ml LDL for 0, 5 or 15 min, total bone marrow cells were fixed and stained with antibodies against lineage markers, Sca-1, c-Kit and pERK. FACS analysis showed that the percentage of pERK positive LSK cells in the LSK population was 9.6±0.53% at baseline level, which increased 2-fold (*P*\<0.05) within 5 min after LDL addition and returned to baseline levels after 15 min ([Figure 7, A and B](#pone-0047286-g007){ref-type="fig"}). We next exposed LSK cells to LDL with or without the pERK inhibitor, U0126, for 14 days. The myeloid lineage differentiation was analyzed as described above. We found that U0126 abrogated LDL-induced granulocyte differentiation ([Figure 7C](#pone-0047286-g007){ref-type="fig"}).

![LDL modulates LSK cell differentiation toward granulocytes in an Erk1/2 dependent manner.\
(A) Kinetic analysis of ERK phosphorylation was done following LDL (100 µg/ml) stimulation of TBMCs for 0, 5 and 15 min. Data are expressed as the percentage of ERK phosphorylated LSK cells in the LSK cell population. (B) Representative dot plots showing ERK phosphorylated LSK cells when gated on LSK population. (C) LSK cells were sorted out by FACS. After seeding, cells were exposed to LDL 100 µg/ml in the presence or absence of pERK inhibitor, U0126 at 10 µM, for 14 days. Ly-6G^hi^ granulocytes were analyzed by FACS.](pone.0047286.g007){#pone-0047286-g007}

Pretreatment of LDL enhances Lin− cell motility which is partially mediated via ERK phosphorylation {#s3h}
---------------------------------------------------------------------------------------------------

As the increase of LSK cells in the PB might be due, as suggested by Gomes, to increased mobilization, we tested whether LDL affects adhesion/migration receptor expression and HSPC motility. Lin− cells from wt mice were exposed to LDL for 24 hours and adhesion molecule expression was studied by FACS. [M]{.ul}edian [F]{.ul}luorescence [I]{.ul}ntersity (MFI) of CXCR4 was higher in Lin− cells treated with LDL for 24 hours, compared to control (LDL 0 µg/ml: 3857±300.6; LDL 100 µg/ml: 4733±389, n = 9, *P*\<0.01). In contrast, LDL treatment did not affect integrin β1 and integrin α5 expression on Lin− cells (integrinβ1: 9874±869.6 vs. 9549±1113.5; integrin α5: 3611±560.2 vs. 3826±496.8, n = 4--5).

Next, we performed adhesion and migration assays to explore the impact of LDL on Lin− cell mobility. As pERK plays a critical role in the regulation of LDL on HSPC, we also investigated whether modulation of LDL on Lin− cell function required ERK phosphorylation. Lin− cells isolated from WT mice were exposed to 0 or 100 µg/ml LDL in the presence or absence of U0126 for 24 hours and then subjected for adhesion and migration assays. LDL and pERK inhibitor did not change Lin− cell adhesion to fibronectin-coated plates ([Figure 8A](#pone-0047286-g008){ref-type="fig"}, n = 5--7), but Lin− cells pretreated with LDL showed increased migration to the lower chamber of a modified Boyden chamber, compared to control ([Figure 8B](#pone-0047286-g008){ref-type="fig"}, n = 5--7).

![LDL modulates Lin- cell motility which is partially mediated via pERK.\
To study the effect of LDL on HSPC function, Lin- cells of CD45.2 mice were exposed to 0 or 100 µg/ml LDL in the presence or absence of pERK inhibitor U0126 for 24 hours and then subjected for adhesion and migration assays. (A) Cells were seeded onto fibronectin-coated plates for 4 hours. After extensive washing, adhered cells were stained with crystal violet and counted under the microscopy. (B) Cells were loaded into transwells and allowed to migrate for 4 hours. Cells in the upper chamber of the transwells were removed by swaps. Cells migrated to the lower surface of the transwells were stained with Hoechst. Adherent cells or migrated cells were numerated under the microscope, averaging the number of cells in 5 random fields.](pone.0047286.g008){#pone-0047286-g008}

Discussion {#s4}
==========

Hypercholesterolemia is at least partially associated with monocytosis because of increased monocyte survival and continued cell proliferation [@pone.0047286-Swirski1]. Noteworthy, infusion of rHDL attenuated monocytosis and neutrophilia in apoE^−/−^ mice on western diet [@pone.0047286-Murphy1]. We here asked the question whether the effects seen on leukocytosis and monocytosis could at least in part be caused by effects of LDL and HDL on HSPC and progenitors.

We describe that LDL and HDL have opposing effects on HSPC behavior. (1) Hypercholesterolemia was associated with leukocytosis, and in particular with increased levels of Ly-6c^hi^ and F4/80^+^ monocytes and Ly-G^hi^ granulocyte production in blood. (2) LDL promoted HSPC differentiation toward atherogenic monocytes and granulocytes *in vitro*, which was inhibited by HDL. (3) LDL stimulated ERK phosphorylation in LSK cells and LDL-promoted LSK differentiation toward granulocytes was partially dependent on ERK phosphorylation. (4) LDL also induces an increase in LSK cells in BM and PB, at least in part due to increased proliferation of HSPC. (5) As LDL also increases motility of HSPC, it is possible that part of the increased number of LSK cells in PB is due to mobilization in response to LDL, as suggested by Gomez.

Although the white blood cell count and HSPC percentage in blood and BM of LDLr^−/−^ mice on normal diet was similar to that of WT mice, the percentage of Ly-6C^hi^, F4/80^+^ monocytes and Ly-6G^hi^ granulocytes was higher in LDLr^−/−^ mice on normal diet vs. WT mice. When LDLr^−/−^ mice were placed on high fat diet, an increased percentage of HSPC and production of these inflammatory cells was seen, compared to LDLr^−/−^ mice on normal diet. As the lipoprotein profile in the blood of WT and LDLr^−/−^ mice on normal diet only differs in LDL levels, the difference in the percentage of monocytes and granulocytes can only be explained by the elevated LDL levels. Therefore, (1) LDL appears to be a potent stimulator for HSPC differentiation into Ly-6c^hi^ and F4/80^+^ monocytes and Ly-G^hi^ myeloid cells; (2) The effect of LDL on HSPC seems to be dose- dependent: mild hypercholesterolemia, such as in LDLr^−/−^ mice on normal diet, causes an increase in myelomonocytic cells in the blood, while high cholesterol levels cause a much more pronounced effect both on proliferation, mobilization and differentiation of HSPC. Consistently, when isolated LSK cells were treated with LDL for 14 days *in vitro*, skewed differentiation of LSK cells toward myeloid cells was seen. Furthermore, LDL-induced HSPC differentiation toward granulocytes was inhibited by addition of the pERK inhibitor, U0126. These *in vitro* data demonstrate a direct positive regulation of LDL on HSPC differentiation into myeloid cell population. Distinct from LDL, addition of HDL prohibited the effect of LDL on HSPC number and differentiation *in vitro*, suggesting the direct but negative regulation of HDL on HSPC.

The anti-atherogenic properties of HDL include reversed cholesterol transport, anti-inflammation, anti-oxidation, maintenance of endothelial integrity and suppression of HSC proliferation in BM [@pone.0047286-Feng3], [@pone.0047286-YvanCharvet2], [@pone.0047286-Tabet1], [@pone.0047286-Barter1]. Consistently, our data demonstrated that rHDL inhibited HSPC proliferation. Our data suggest a direct modulation of HSPC by HDL as ABCA1 and SR-BI, the HDL receptors, are expressed on LSK cells; and infusion of apoA-I, like rHDL, decreased LSK cell frequency and proliferation *in vivo*.

Gomes *et al.*, reported that hypercholesterolemia promotes HSPC mobilization from BM partially via enhanced SDF-1 production and breakdown of the SDF-1/CXCR4 axis. *In vitro*, they showed that LDL induced HSPC differentiation into monocytes and this was inhibited by Blt3, a SR-BI inhibitor. Furthermore, LDL-promoted HSPC migration was mediated via Blt3. These data indicate that SR-BI may play a critical role in HSPC biology. During the final preparation of our manuscript, we noticed that Murphy *et al.*, reported the impact of impaired cholesterol efflux on HSPC proliferation and monocyte production in apoE deficient (apoE^−/−^) mice [@pone.0047286-Murphy1]. Our data in LDLr^−/−^ mice are consistent with their findings. Our studies, however, also identify a direct effect of LDL on HSPC differentiation toward Ly-6c^hi^ and F4/80^+^ monocytes and Ly-6G^hi^ granulocytes which is counteracted by HDL. Moreover, short term treatment of LDL enhanced Lin- cell mobility. Given that stem cell proliferation is in close context with its mobilization activity [@pone.0047286-Hoggatt1], [@pone.0047286-Neben1], [@pone.0047286-Morrison1], [@pone.0047286-Singh1], [@pone.0047286-CarloStella1], [@pone.0047286-Wright1], our data of HSPC proliferation and increased Lin− mobility indicate that LDL may promote HSPC mobilization. Consistent with the observation of Yvan-Charvet *et al.*, that pERK is a key signaling molecule in the regulation of lipoproteins in HSPC, we demonstrate that the regulation of LDL on HSPC differentiation into myeloid cells and on Lin− motility are both mediated at least in part by pERK.

Leukocytosis is a marker of inflammation that is associated with ischemic vascular disease, sickle cell disease, and diabetes [@pone.0047286-Coller1]. Others and we demonstrate that LDL promotes HSPC proliferation, differentiation and leukocytosis while HDL has the opposite effect [@pone.0047286-Murphy1], [@pone.0047286-Strawn1]. However, whether and how LDL-induced HSPC expansion and the associated leukocytosis/monocytosis affects atherosclerosis is still unknown. Moreover, LSK cells contain various subsets of progenitors that may have differential effects on disease development. Lineage tracing studies will be needed to demonstrate the direct contribution of BM LSK cells or other cell populations to atherosclerosis.

Based on our findings and published data, we propose a model defining the influence of lipoproteins on HSPC. LDL promotes HSPC proliferation, leading to increased production of HSPC and GMP, in the blood, as well as myelomonocytic differentiation leading to increased frequency of monocytes and neutrophils in BM and blood. The effects of LDL appear to be counteracted by HDL.

Supporting Information {#s5}
======================

###### 

**Hypercholesterolemia increased the percentage of proatherogenic monocytes and granulocytes in peripheral blood of LDLr^--/--^ mice.** After red blood cells were lysed, white blood cells were stained with antibodies against CD11b, Ly-6c, F4/80 and Ly-6G for FACS analysis. (A) Ly-6c^hi^ monocytes were indicated in the box. (B) F4/80^+^ monocytes were shown in the box. (C) Ly-6G^hi^ granulocytes were shown in the box. n = 5--7. The percentage of Ly-6c^hi^ and F4/80^+^ monocytes and Ly-6G^hi^ granulocytes was shown on the right corner of each plot.

(TIF)

###### 

Click here for additional data file.

###### 

**Different effects of LDL and rHDL on HSPC** ***in vivo*** **.** (A) Representative FACS plots showing LSK cells in LDLr^−/−^ mice on normal and high fat diet. (B) WT mice received saline, PLPC or rHDL at 4, 8, 12 and 16 mg/kg. Representative FACS plots of LSK cells following saline, PLPC and rHDL treatment. Both A and B were gated on Lin- cells. The percentage of LSK cells in TBMC is indicated on the right corner of each plot.

(TIF)

###### 

Click here for additional data file.

###### 

**LDL induced HSPC differentiation toward myeloid lineage** ***in vitro*** **.** LSK cells sorted by FACS were cultured in LDL or LDL plus HDL for 14 days. LSK cells were cultured in serum free medium with SCF, IL-3, IL-6 and either GM-CSF, LDL, or a combination of LDL and HDL. Cells were harvested and followed by cytospin and Giemsa stains. Representative pictures of cell morphology identified by Giemsa stain: control (A); GM-CSF 10 ng/ml (B); LDL 100 µg/ml (C); and LDL plus HDL (600 µg/ml) (D). Scale bar: 20 µm. n = 3--4 from pooled mice. Red arrow indicates inactive cells; Black arrow indicates promonocytes; Blue arrow indicates granulocytes.

(TIF)

###### 

Click here for additional data file.
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